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Outline

• Motivation and methods
– Cross sections and couplings

• Inclusive production (non-VBS) – selected results

– W-gamma
• CMS SMP-19-002 (PhysRevLett 126,252002(2021))
• ,CMS SMP-20-005

– Gamma gamma production
• ATLAS STDM-2017-30 (arXiv:2107.09330)

– WW, WZ, ZZ cross sections at sqrt(s)=5.04 TeV
• CMS SMP-20-012 (arXiv:2107.01137)

– WZ (leptonic) differential cross sections including 
polarization
• CMS SMP-20-014 (arXiv:2110.11231)

– W+W- +>=1 jet xsec
• ATLAS STDM-2018-34 (JHEP06 (2021 )003)

– Differential xsec of Z/g* Z/g*events to 4l
• ATLAS STDM-2018-30 (JHEP07 (2021) 005)

• Electroweak  (VBS) production – selected results

– Zgamma + 2 jets
• CMS SMP-20-016 (Phys. Rev. D, 104, 072001 (2021))
• ATLAS STDM-2017-26 (Phys.Let.B 2020, 135341 (2020))
• ATLAS EXOT-2021-17 (arXiv:2109.00925)

– Polarization measurement in same-sign WW production 
• CMS SMP-20-006 (Phys. Let. B, 2020, 136018 (2021))

– EWK ZZ production
• ATLAS STDM-2017-19 (arXiv:2004.10612)
• CMS SMP-20-001 (Phys. Let. B, 2020, 135992 (2021))

– Photon induced WW production
• ATLAS STDM-2017-21 (Phys. Let. B, 2021, 136190 (2021))

• Summary and prospects
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Introduction

• 30 years of diboson studies
• Many advances

– Enormous data samples
– Rare production decay modes accessed
– Multivariate techniques
– Differential cross sections 
– Resolve EWK and QCD processes
– Improved theoretical predictions

• Typical features of diboson studies
– Rely on lepton triggers (with a few 

exceptions)
– Likelihood fits to explore Triple and 

Quartic Gage Couplings
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𝑊𝛾 production (2021)

• 𝑝! 𝛾 > 25 GeV
• 𝑊 → 𝑒𝜈,𝑊 → 𝜇𝜈
• Sensitive to dimesion-6 anomalous 

triple gauge couplings:
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𝛾𝛾 Production

• Production of two isolated photons
• 𝑝! > 40,30 GeV
• data-driven background subtraction
• Differential cross section extracted 

as a function of many variables: 
– 𝑝!(𝛾#), 𝑝!(𝛾$),𝑚 𝛾𝛾 , cos 𝜃%&∗ , acopla

narity, 𝑝! with respect to thrust axis
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ATLAS STDM-2017-30 (arXiv:2107.09330)
Example of a differential distribution
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WW, WZ, ZZ at 𝑠 = 5.08 GeV

• Fully leptonic decay modes
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5.08 TeV, 302  pb-1

CMS SMP-20-012 (arXiv:2107.01137)

https://arxiv.org/abs/2107.01137


𝑊𝑊 + 1 jet differential cross sections

• 𝑝𝑝 → 𝑒±𝜈𝜇∓𝜈𝑗

• Differential cross section 
measured as a function of 
– 𝑝! ℓ" , 𝑝! ℓ# , 𝑝! 𝑗" , 𝑚 𝑒𝜇 ,
– 𝐻!, 𝑆!, 𝑝! 𝑒𝜇 ,𝑚! 𝑒𝜇
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ATLAS STDM-2018-34 (JHEP06 (2021 )003)

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP06%25282021%2529003&v=a76d6a65


WZ (leptonic) differential cross sections, and polarization
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CMS SMP-20-014 (arXiv:2110.11231)
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Differential Cross Section for ⁄𝑍 𝛾∗ ⁄𝑍 𝛾∗ → 4ℓ

• Include at SM processes that can 
contribute to the 4ℓ final state
– Including 𝑍 → 4ℓ and 𝐻 → 𝑍𝑍∗ →
4ℓ
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ATLAS STDM-2018-30 (JHEP07 (2021) 005)

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP07%25282021%2529005&v=a8b46c86


Summary plots of diboson cross sections

0.5 1 1.5 2
theoσ / expσProduction Cross Section Ratio:   

CMS PreliminaryMay 2021

All results at:
http://cern.ch/go/pNj7

γγ  0.12± 0.01 ±1.06 -15.0 fb
(NLO th.), γW  0.13± 0.03 ±1.16 -15.0 fb
(NLO th.), γW  0.05± 0.00 ±1.01 -1137 fb

(NLO th.), γZ  0.05± 0.01 ±0.98 -15.0 fb
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7 TeV CMS measurement (stat,stat+sys) 
8 TeV CMS measurement (stat,stat+sys) 
13 TeV CMS measurement (stat,stat+sys) 
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Vector Boson Scattering

• VBS process is particularly 
interesting
– Pure Electroweak process (𝒪(𝛼())
– Connected with Electroweak symmetry 

breaking
• Higgs diagrams are needed to avoid 

violation of unitarity
• Longitudinal components of 𝑊 and 𝑍 are 

expected to play a special role in the 
scattering

• VBS is sensitive to quartic couplings 
of electroweak gauge bosons

• Characterize couplings with 
effective field theory

– ℒ = ℒ&) + ∑*
+!
,"
𝒪*
(() + .!

,#
𝒪*
(/) +⋯

• Dimension-8 operators can modify 
VVjj production through anomalous 
quartic gauge couplings (aQGCs)
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Electroweak Production of 𝑍𝛾 + 2jets

• First observation of electroweak production of 
𝑍𝛾

• 𝑍 → 𝑒𝑒, 𝜇𝜇 𝑝! 𝛾 > 20 GeV
• 𝑚 𝑗𝑗 > 500 GeV, ∆𝜂"" > 2.5

• Single and double differential distributions 
measured

• Most stringent limit to date on the aQGC
parameter FT9/L4
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CMS SMP-20-016 (PhysRevD, 104, 072001 (2021))

• Observation of electroweak production 
of 𝑍𝛾 in 𝑍 → 𝜈𝜈

ATLAS EXOT-2021- 17 ((arXiv:2109.00925)
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https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRevD.104.072001&v=38bb7524
https://arxiv.org/abs/2109.00925


WZ (semileptonic) electroweak production

• 𝑝𝑝 → 𝑊𝑉𝑗𝑗 with 𝑊 → ℓ𝜈
and 𝑉 → 𝑞:𝑞(0)

• Uses either two resolved jets 
or one boosted jet for the 
𝑉 → 𝑞:𝑞(0) candidate

• Control regions in data used 
to assess main backgrounds: 
𝑊 +jets and top

• Multivariate discriminator 
(DNN) used to separate QCD 
and EWK production
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and EWK signal strengths



Polarization Measurement in 𝑊±𝑊±

• 𝑚 𝑗𝑗 > 500 GeV, ∆𝜂33 > 2.5
• Same sign lepton selection 

(further favors EWK production)
• three distinct polarization 

contributions: 𝑊4𝑊4, 𝑊4𝑊5, 
𝑊5𝑊5

• 14 variables sensitive to 
polarization included in BDT
– ∆𝜙ℓℓ, ∆𝜙&&, 𝑚(ℓℓ), etc.

• Significance for at least one 𝑊4
– 2.3 𝜎 (3.1 𝜎) observed (expected)
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CMS SMP-20-006 (Phys. Let. B, 2020, 136018 (2021)

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.physletb.2020.136018&v=5a1eba63


Electroweak 𝑍𝑍 production (𝑍𝑍 + 2jets)

• ATLAS STDM-2017-19 
(arXiv:2004.10612): First observation 
of EWK 𝑍𝑍 production (5.5 𝜎)
– Previous CMS-20-001 (Phys. Let. B, 2020, 

135992 (2021)) : 3.5 𝜎
• Uses both 𝑍𝑍 → 4ℓ and 𝑍𝑍 → 2ℓ2𝜈

channels

• Multivariate discriminator used to help 
separate QCD and EWK production
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https://arxiv.org/abs/2004.10612
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.physletb.2020.135992&v=fd818fc2


Photon-induced 𝑊𝑊 production

• 𝑊𝑊 → 𝑒±𝜈𝜇∓𝜈 with a requirement 
for no extra tracks associated with the 
production vertex

• Expect contributions from elastic 
production, as well as some diffractive

• Requires careful treatment of tracks 
from pileup vertices

• Significance: 8.4 𝜎

W

γ

γ

W−

W+
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ATLAS STDM-2017-21 (Phys. Let. B, 2021, 136190 (2021))

https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.physletb.2021.136190&v=20b989f2


Diboson prospects

• Almost all analyses shown use 
the full LHC Run 2 data sets
– Run 3 to begin next year (data sets 

approximately double)

• Large increase in LH-LHC
• Most diboson results are 

statistically limited
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Example from ATLAS STDM-2018-30



BACKUPS

D. Wood, Recent Dibosn, BF2021 18



Selected recent ATLAS and CMS diboson results
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Experime
nt

index topic status link

CMS SMP-19-002 W gamma published 10.1103/PhysRevLett.126.252002 
CMS SMP-20-005 W gamma preliminary CMS-PAS-SMP-20-005
ATLAS STDM-2017-30 Gamma-gamma submitted arXiv:2107.09330
CMS SMP-20-012 WW, WZ, ZZ at sqrt(s)=5.08 TeV submitted arXiv:2107.01137
CMS SMP-20-014 WZ (leptonic) submitted arXiv:2110.11231
ATLAS STDM-2018-34 WW+1jet published 10.1007/JHEP06(2021)003
ATLAS STDM-2018-30 Z/g* Z/g* to 4l published 10.1007/JHEP07(2021)005
ATLAS STDM-2017-19 ZZjj VBS submitted arXiv:2004.10612 
CMS SMP-20-013 WZ VBS semieptonic preliminary https://cds.cern.ch/record/2776799
CMS SMP-20-016 Z(ll)gamma+2jets published 10.1103/PhysRevD.104.072001
ATLAS STDM-2017-26 Z(ll)gamma+2jets published 10.1016/j.physletb.2020.135341
ATLAS Z(ll)gamam+2jets preliminary http://cdsweb.cern.ch/record/2779171
ATLAS EXOT-2021-17 Z(vv)gamma+2jets submitted arXiv:2109.00925
CMS SMP-20-006 W polarization in same-sign VBS published 10.1016/j.physletb.2020.136018
CMS SMP-20-001 ZZjj VBS published 10.1016/j.physletb.2020.135992
ATLAS STDM-2017-21 Photon-induced WW published 10.1016/j.physletb.2021.136190
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